Objective: Current perception threshold (CPT) measurement is a noninvasive, easy, and semi-objective method for determining sensory function using transcutaneous electrical stimulation. Previous studies have shown that CPT is determined by physical characteristics, such as sex, age, physical sites, and presence of neuropathy. Although the CPT reported in males is clearly higher than that in females, the reason for this difference remains unclear. This study investigates the cause of sex-based differences in CPT and suggests an adjustment method, which may suppress the sex difference in CPT.
INTRODUCTION
Quantitative sensory testing (QST) is a method for assessing peripheral nerve function, such as sensory threshold and estimating sensation magnitude and tolerance levels. Sensory threshold is the point at which sensation is consciously perceived. Determining the sensory threshold using QST has been employed by both researchers and clinicians, as it is a simple and painless test. Electrical stimulation is used for QST and has the advantage of controlling the magnitude of direct stimulation to intraepidermal nerve fibers.
Using a current perception threshold (CPT) measurement to determine sensory function is noninvasive, easy, and semiobjective; previous studies employing this technique have shown that sensitivity to electrical stimulation depends on several physiologic parameters, such as sex, age, physical sites, and presence of neuropathy (1) (2) (3) (4) (5) (6) . Although there are obvious differences in CPT between males and females, the reason for this difference remains unexplained. Past studies have suggested factors that affect sex differences in CPT, including the skinfold thickness or quantity of fat tissue (7) (8) (9) . However, researchers have not confirmed whether these sex differences disappear after adjusting for the subjects' characteristics. If CPT data are influenced by body characteristics, we assume that the sex differences in CPT can be suppressed using these parameters. To demonstrate our hypothesis, CPT is required to be clinically measured together with the subjects' characteristics. The analysis of their parameters is necessary to evaluate a more exact peripheral nerve function.
This study investigates the cause of sex differences in perception sensitivity for electrical stimulation and suggests an adjustment method that suppresses them. For this purpose, we measured the subject's characteristics (height, weight, muscle mass, body fat percentage, and body water percentage) and analyzed the relationship between them and CPT.
MATERIALS AND METHODS

PainVision
® (PS-2100, Nipro Corporation, Osaka, Japan) is a device that uses transcutaneous electrical stimulation to measure both CPT and the magnitude of pain sensation ( Fig. 1) (1, 10, 11) . This device is composed of an electrical stimulation system and a control system, which are driven by a built-in battery to protect subjects from the leakage current of an AC power supply.
The waveform of the stimulating current pulse was composed fundamentally of a square wave and was characterized by a sharp tip similar to a triangle wave; it repeated at 50 Hz (20 msec intervals) with a pulse duration of 0.3 msec. Using fast Fourier transform, the peak power was found at 50-2000 Hz. The rate of the waveform, at which the electrical current increased, was approximately 2.1 μA/s. The mean current value of the electrical current in this system was recorded via a computer. We converted our mean current values to peak values by multiplying the mean current by pulse period: 20 msec/pulse duration: 0.3 msec because past CPT studies conventionally expressed their measurements as peak current values. We refer to the calculated peak current herein as the CPT.
SUBJECTS
The subjects in this study included 70 healthy student volunteers (35 males and 35 females, aged 20-25 years). All subjects provided informed consent to participate in this study. The ethical committee of Kyorin University approved the study in advance under approval number 27-7.
CUSTOMIZED ELECTRODES
To investigate sex differences in CPT, we prepared five sizes of bipolar-stimulating electrodes with silver disks that were 1.2 mm thick with a silver content of 92.5%. The diameter of electrodes EL 1, EL 2, EL 3, EL 4, and EL 5, respectively, was 10, 12, 16, 25, and 30 mm (as shown in Fig. 2 ). After brushing both sides of the silver disk with sandpaper, one side of each disk was connected to a lead wire using a conductive adhesive (Aremco-Bond 556; Audec Co., Ltd., Tokyo, Japan). The electrical resistance between the connecting wire and the silver disk was 10 Ω or less in all electrodes. Fresh electroconductive gel was attached directly to the other side of the electrode to maintain the equal distribution of the electrical current during measurement for each subject. The gel thickness was 0.6 mm. The electroconductive proportion of the lengthwise and lateral directions was approximately 50-100 times.
These stimulating electrodes were attached 6 cm from the medial part of the left cubital fossa for every measurement. We analyzed the data under the assumption that the location of the electrode did not vary with arm size.
MEASUREMENT PROCEDURE
Basal information including identification number, sex, age, and body characteristics, such as height, weight, muscle mass, body fat percentage, and body water percentage were recorded before the CPT measurements. The characteristics other than height were measured with a body composition meter (BC-622, TANITA Corporation, Tokyo, Japan). After the stimulation site was sterilized using an alcohol-covered cotton swab and the stimulating electrode was attached, the amplitude of the current was automatically increased at approximately 2.1 μA/sec until the subject pushed a stop switch upon first perceiving the electrical stimulation.
CPT was determined to be the mean of three measurements with each electrode. Additional measurements were required in the following cases: 1) the subject forgot to push the stop switch; 2) the subject requested a repeat measurement because they had pressed the switch too late; or 3) one of the three measurements differed by more than 20% from the other values. Throughout the experiment, we randomly attached the five sizes of electrodes to each subject to overcome the influence of the order of attachment. A preliminary experiment was performed on all the subjects so that they were familiar with the sensation of electrical stimulation.
STATISTICAL ANALYSIS
Statistically significant differences in the mean values of body characteristics between males and females were assessed with a Student's t-test if variances were equal as determined by an F-test and with Welch's t-test otherwise.
This study has performed the statistical analysis after having transformed the CPT into the log values. The Shapiro-Wilk's test was used to assess normal distribution.
The effect of the log-transformation values in all electrode sizes was adjusted for the body characteristics using an analysis of covariance (ANCOVA). Subsequently, the factors that influenced the CPT were identified using multiple regression analysis through a forcible loading method.
The homogeneity of the data variances was analyzed using the Levene's test. In the case of equal variances, a repeated-measures two-factor analysis of variance (ANOVA) was used to examine the differences in the log-transformation values between the sexes and the electrode sizes. If the analysis results violated the sphericity assumption, we applied Greenhouse-Geisser correction. In the ANOVA results, when significant main and interaction effects were detected, post hoc multiple comparisons were conducted by the Bonferroni method.
The software package SPSS Statistics version 22.0 for Windows (IBM Inc., Armonk, NY, USA) was used for all statistical analyses. p values less than 0.05 were considered statistically significant. Table 1 , we observed sex differences in almost all physiologic parameters: height: t(68) = 7.22, p < 0.001; weight: t(68) = 4.43, p < 0.001; BMI: t(68) = 0.98, p = 0.33; muscle mass: t(57.14) = 13.71, p < 0.001; body fat percentage: t(68) = −8.04, p < 0.001; and body water percentage: t(45.66) = 3.16, p = 0.003. Each physiologic parameter was analyzed by ANCOVA to identify the factors influencing the log-transformation values. As a result, six factors may affect the log-transformation values (i.e., sex: F = 82.51, p < 0.001; height: F = 25.79, p < 0.001; weight: F = 4.09, p = 0.044; body fat percentage: F = 75.78, p < 0.001; muscle mass: F = 49.74, p < 0.001; and body water percentage: F = 61.99, p < 0.001). Multiple regression analysis was performed with the forcible loading method, in which the dummy variables of the electrode (i.e., EL 1, EL 3, EL 4, and EL 5) and the variables (i.e., height, body fat percentage, and body water percentage) were significantly related to the log-transformation values. Three factors, namely sex, weight, and muscle mass, were excluded because of a promise of multicollinearity to other factors. The analysis results showed that the height (p = 0.022), body fat percentage (p = 0.013), body water percentage (p = 0.003), and four electrode sizes (EL 1; p = 0.002, EL 3; p < 0.001, EL 4; p < 0.001, EL 5; p < 0.001) had a significant effect on the logtransformation values (Table 2) 
RESULTS
As shown in
CONCLUSIONS
We conclude that statistically significant differences in perception sensitivity for electrical stimulation can be induced by a subject's characteristics. Sex differences were observed in the obtained CPT values for all electrodes but could be suppressed by adjusting for body fat percentage or body water percentage. This report suggests a beneficial method for resolving sex differences in sensory sensitivity for electrical stimulation. In addition, this adjustment method could be extended for the subjects with suspected higher CPT (not abnormal peripheral nerve function).
DISCUSSION
This study aimed to investigate the cause of sex differences in the perception threshold for electrical stimulation and provide an adjustment method to suppress these differences. The measurement values obtained from each electrode increased with the electrode size. Moreover, the CPT values measured for all electrodes were statistically significantly higher in males than in females. The multiple regression analysis suggested that the body fat percentage and the body water percentage are affectors for the log-transformation values.
We analyzed whether the sex differences in the perception threshold are suppressed using two parameters. As shown in Table 1 , two parameters in the participating subjects were used to observe the sex differences. Thus, we selectively chose more than 10 subjects to adjust the sex differences of these parameters. In the case of the body fat percentage, the selected subjects were 15 males with high percentage and 15 females with low percentage. In the case of the body water percentage, the selected subjects were 10 males and 12 females with body water percentages of 50-55%. By analyzing the log-transformation values in these groups, we investigated the possibility of suppressing the sex differences in the perception sensitivity. Fig. 4a shows the CPT value results from 15 males with high body fat percentage (average: 22.45%) and 15 females with low body fat percentage (average: 23.19%). The average body fat percentages of the two groups were not statistically significantly different (t = −0.55, p = 0.58). The adjusted CPT values from electrodes EL 1-5 in males were 0.94, 1.04, 1.31, 2.44, and 3.24 mA, respectively, whereas those in females were 0.85, 0.96, 1.19, 2.18, and 2.76 mA, respectively. After having transformed CPT values into the log values and observed the normal distribution of these data, the Levene's test confirmed the homogeneity of the data variances, except for EL 5 (EL 1: F = 0.79, p =0.38; EL 2: F = 2.29, p = 0.14; EL 3: F =4.25, p = 0.05; EL 4: F = 2.51, p = 0.12; EL 5: F = 13.58, p = 0.001). A significant main effect of the electrode size was also observed (F 1.96, 54.75 = 369.06, p < 0.001). However, a main effect of sex was not significant (F 1, 28 = 3.00, p = 0.09). These effects were not superseded by the significant interaction between the factors (F 1.96, 54.75 = 1.03, p = 0.36). A multiple comparison of the logtransformation values in both males (F 4, 112 = 203.73, p < 0.001) and females (F 4, 112 = 166.37, p < 0.001) showed statistically significant differences among the five electrodes. Fig. 4b shows the CPT results for subjects with body water percentages of 50-55% (10 males, 53.5%; 12 females: 51.9%). The average body water percentages in the two groups showed statistically significant differences (t = 2.30, p = 0.032). The adjusted CPT values from electrodes EL 1-5 in males were 1.06, 1.17, 1.48, 2.58, and 3.46 mA; the adjusted CPT values in females were 0.88, 1.01, 1.21, 2.15, and 2.89 mA. After having transformed CPT values into the log values and observed the normal distribution of these data, the Levene's test confirmed the homogeneity of the data variances (EL 1: F = 0.12, p = 0.73; EL 2: F = 1.59, p = 0.22; EL 3: F = 0.80, p = 0.38; EL 4: F = 0.07, p = 0.79; EL 5: F = 2.36, p = 0.14). A significant main effect of electrode size on log-transformation values was apparent (F 2.12, 42.37 = 268.56, p < 0.001). However, the main effect of sex was not significant (F 1, 20 = 3.38, p = 0.08). Moreover, these effects were superseded by no significant interaction between the factors (F 2.12, 42.37 = 0.13, p = 0.89). Multiple comparisons of the log-transformation values showed statistically significant differences for each electrode both in males (F 4, 80 = 126.90, p < 0.001) and in females (F 4, 80 = 143.28, p < 0.001). These results suggested that the log-transformation values no longer exhibit a sex difference by adjusting for body fat or body water percentage.
Previous studies have reported sex differences in perception sensitivity for electrical stimulation regardless of electrode type or stimulation site (1,2,7-9,11). We observed similar results in this study for all electrodes. One earlier study demonstrated a link between subcutaneous adipose tissue mass and sensory current, suggesting that one affector of sensory current is skinfold thickness (7) . Some researchers have suggested that the perception threshold for electrical stimulation may be related to body fat percentage (8) . However, research had not confirmed whether sex differences disappear from measurement data after adjusting for those factors. Thus, we investigated the relationship between CPT and subjects' characteristics. 576 Table 2 . Although not shown in this article, the observed data from subject within normal limits for body fat percentage (males: 11-21%, females: 21-34%) exhibited significant sex differences, except in the case of EL 2. However, sex differences were not exhibited by analyzing data from males of high body fat percentage and females of low body fat percentage. These results support previous reports (7) (8) (9) , and suggest that body fat percentage affects perception threshold. To explain the relationship between body fat percentage and perception threshold, we considered an anatomical tissue structure under the electrode. The skin comprises the epidermis, dermis, and subcutaneous tissue. The stimulating electric current flows toward a cathode from an anode through three layers. The epidermis or the dermis in healthy subjects would be slightly affected by the changes in body characteristics, whereas the thickness of the subcutaneous tissue in an obese subject markedly increased compared with that in a lean subject.
An electrical conductivity in the fat tissue is lower than that in the muscle or blood (12) ; hence, by the change of this tissue structure, most electrical currents will flow through the epidermis and the dermis and be converged in the region larger than the electrode area of the cathode when electrical stimulation is added to subjects with a high body fat percentage. As a result, epidermal nerve fibers are more easily excited as compared with those of subjects whose body fat percentage is low, resulting in a decreased perception threshold. In fact, CPT values in males were categorized into three groups by body fat percentage: low (less than 11%), normal (11-21%), and high (more than 21%). As shown in Table 3 , these results validated our discussion and may suggest the possibility that a CPT determinant depends on the firing rate of the dermal nerve fibers among the anode and the cathode. However, a part of the results pertaining to female participants did not demonstrate a similar tendency, and these are not shown in this article. If the CPT values are determined by the summation of the electrical current under the cathode, the CPT could be measured by fully separating the anode and the cathode to test the validity of this discussion.
The CPT values within the normal limits of body water percentage (males: 55-65%, females: 45-60%) showed significant sex differences for all electrodes. However, these sex differences disappeared by adjusting for a body water percentage of 50-55%, likely because body water percentage and body fat percentage are highly correlated (13, 14) . In this study, Fig. 5 shows the relationship of two parameters divided by sex (35 males: r = 0.97, 35 females: r = 0.93). Thus, it stands to reason that sex differences in CPT disappear after adjusting for body water percentage. Our method, adjusting to within 50-55% body water, is easier and may be suitable for analyzing sex differences in CPT.
We have considered that individual sensitivity to electrical stimulation, and sex differences of CPT, may be influenced by the number of epidermal nerve fibers. The density of intra-epidermal nerve fibers (IENFs) is decreased in elderly people (15, 16) and shows an analysis of subjects with 50-55% body water percentage (10 males: 53.5%; 12 females: 51.9%, p = 0.032). After having transformed CPT values into the log values, an ANOVA indicates that the main effect of the electrode size for the transformation value denotes a significant difference (p < 0.001), whereas that of sex for the logtransformation value is not significant (p = 0.08). Multiple comparisons of the CPT values show statistically significant differences for each electrode in both males (p < 0.001) and females (p < 0.001). patients with diabetes mellitus (17, 18) . Furthermore, CPT values in these groups are higher compared to those in healthy subjects (1, (4) (5) (6) . Similarly, females are reported to have more IENFs than males do (19, 20) . Thus, sex differences in CPT values could be explained by the distribution density of IENFs. In fact, differences in IENF quantity are posited to alter the thresholds of warmth and cold perception (21) . Taken together, the number of IENFs under the stimulating electrode must play a key role in sensitivity to electrical stimulation. We recognize that this study has a few limitations. First, all subjects were 70 healthy volunteer college students in their twenties from Kyorin University; results could potentially differ when a number of subjects of various groups are tested. Second, whether the change in the CPTs was concurrent with the change in the body fat percentage or body water percentage is unclear because this study did not perform a long-term follow-up of each subject. Third, whether the sex differences in the CPTs of neuropathy patients disappeared after adjusting the body fat percentage or body water percentage is unclear because the CPT increases were strongly affected by factors other than sex. In addition, the CPTs obtained using PainVision ® were also likely under the influence of central sensitization in chronic pain conditions. Thus, the evaluation of the CPT in clinical fields is not only an evaluation of the peripheral nerve function but should also be considered with regard to this influence. To validate these results, it will be necessary to perform this experiment at many institutions, including subjects with a variety of characteristics. www.neuromodulationjournal.comCOMMENT Whenever one tries to evaluate and standardize the settings of transcutaneous electrical stimulation, the issues of threshold of perception and its variability become a topic of discussion. The authors of this study try to elucidate the potential reasons for such variability and link the body composition with gender differences. As mentioned by the authors, gender differences in perception sensitivity for electrical stimulation have been well described in the past on multiple occasions. However, the reasons for such differences remain largely unknown. Although the paper does not answer all questions and provide all explanations, its findings may help future investigators to adjust expected threshold by considering the body fact composition and perhaps add it to the previously investigated skin fold thickness.
